Introduction
In principle, the characterization of polymers by liquid chromatography can be performed either in the exclusion mode, by size-exclusion chromatography Corresponding author.
(SEC), or in the sorption mode. In the latter case, mostly gradient elution has to be applied and in practice the separation results from a combination of precipitation / redissolution, adsorption/partitioning and exclusion effects. Since the contribution of these separate mechanisms can be different in each specific case, we prefer the use of the name gradient polymer 0021-9673/97/$17.00 Copyright © 1997 Elsevier Science B.V. All rights reserved PII S0021-9673(96)00807-2 elution chromatography (GPEC) [1, 2] rather than existing names such as high-performance precipitation liquid chromatography (HPPLC) [3] or liquid adsorption chromatography (UAC) [4] which a priori assume a certain separation mechanism. Two main fields of application of GPEC include the characterization of copolymers according to their chemical composition distribution [5] [6] [7] and the fingerprinting of resins [8] [9] [10] .
Reversed-phase liquid chromatographic techniques have been used for the characterization of both copolymers and resins [11] . In the first part of this series of papers, we clearly demonstrated the applicability of GPEC under reversed-phase conditions for the characterization of (co)polyester resins according to differences in chemical microstructure [8] .
Although it was shown that separation is likely governed by sorption, precipitation/redissolution effects also occur in the investigated system. In this second part we will investigate to what extent precipitation/redissolution effects influence the separation of amorphous (co)polyesters under reversedphase conditions.
Studies to the influence of precipitation effects in polymer chromatography are mostly concerned with the comparison of eluent compositions at the point of elution with cloud points, determined by turbidimetric titrations [12] [13] [14] [15] . The relation between the solubility of a polymer in a solvent/non-solvent (S/NS) mixture with volume fraction ~b of the solvent and polymer concentration c is given by [16] ~b* = C l + C21og(c* ) (1) in which C 1 and C z are constants, dependent on the S/NS system, the temperature and the molar mass. c* and ~b*, respectively, indicate values at the cloud point. Therefore, care must be taken that concentrations in both chromatography and cloud point titration are comparable. The dependence of the volume fraction of solvent at the cloud point, ~bs*, on the molar mass is given by [17] ~bs ~ = C 3 "k-C4 M-0"5 (2) where C 3 and C 4 are constants, dependent on the S/NS system and on temperature. From Eq. (2) it is obvious that especially for relatively low molar mass resins, ~bs* for the different oligomeric species will strongly depend on molar mass. Even for polyester resins with relatively low polydispersity (approximately 2), a single determination of the cloud point of the complete resin can obviously not be used for comparison with chromatographic data to account for the retention mechanism. Such a comparison is further hampered by the fact that the concentration dependence of the cloud point increases with decreasing molar mass, which results in lower values of C 2 in Eq. (1). An alternative method by which sorption and precipitation effects can be separately controlled, was presented by G16ckner who used so-called sudden transition (ST) gradients for this purpose [18] [19] [20] . After injection into a strong non-solvent, the eluent composition is rapidly changed by addition of a solvent of moderate polarity, which causes the precipitated polymer to redissolve. However, the S/NS composition is changed in such a way that the sample is still retained by sorption forces. Finally, a chromatographically strong eluent ("displacer"), which is not necessarily a solvent, is added, causing the polymer to elute. By comparison of these results with a true S/NS gradient, the influence of redissolution effects can be determined. The application of ST gradients for low molar mass polymers, however, is restricted by the fact that cloud points of different molar mass fractions will vary over a wide composition range. Therefore, especially under reversed-phase conditions where interaction forces with the stationary phase are weak, mostly no composition can be found that will completely redissolve the resin and simultaneously causes complete retention.
Thus, solubility effects of low-molar-mass polymers under reversed-phase conditions can at best be studied, under chromatographic conditions, using inert column packings and low polydispersity polymer fractions. Therefore, a column filled with spherical glass beads, a bare silica column and a precolumn filter were tested for the use as an inert medium for polyester resins. A (co)polyester resin which has also been used for earlier experiments [8] , was separated into several low polydispersity fractions by SEC. The obtained fractions were subjected to GPEC on several inert media and results were compared with a C J8 column, thus showing whether or not the absence of sorption influences the separation. The used S/NS system, tetrahydrofuran (THF)-water, was the same as used in the previous study [8] . Furthermore, for three different polyester fractions, results on the glass column were compared with maximum solubility measurements in various S/NS compositions under static equilibrium conditions. This evaluation will clearly show the importance of dissolution kinetics. Although these effects were not likely to influence the final separation result of the investigated amorphous polyester on C l s, in a future paper we will show the importance of redissolution effects for crystalline polyesters [21] .
(Darmstadt, Germany) and tetrahydrofuran (THF), HPLC grade from Rathburn (Brunschwig Chemie, Amsterdam, Netherlands). To both solvents, 200 pA acetic acid, analytical-regent quality from Merck, per litre was added. For HPLC, the solvents were constantly sparged with helium (20 ml/min). All solvent mixtures were made by volumetric mixing by the HPLC pump, no premixes were used.
Columns

Experimental
Polymer sample and narrow disperse fractions
The polymer sample used is a co-polyester resin consisting of adipic acid (A), isophtalic acid (I) and dipropoxylated bisphenol-A (D) (sample PE1 from [81). The molar ratio A:I:D is approximately 0.12:0.38:0.50 (NMR), the acid number is 20 mg KOH/g and the polystyrene equivalent molar masses as determined by SEC are 3500 (number-average molar mass, M,) and 7900 (weight-average molar mass, Mw), respectively. For more detailed information on the composition and characterization of the polyester sample we refer to [8] .
Low polydispersity fractions were obtained by SEC. A 25 mg/ml solution was injected 200 times on the SEC system described in Ref. [8] , using an injection volume of 200 pA. The total distribution which eluted in about 10 min (see Fig. 5 of Ref. [8] ) was separated into 10 fractions of 1 min, using a Gilson (Villiers-le-Bel, France) Model 203 fraction collector. The fractions were dried under nitrogen and the amount was determined gravimetrically. A part of each fraction was redissolved in THF up to a concentration of 0.4 mg/ml and 200 /xl was reinjected on the SEC system to determine the respective polydispersity values. For gradient elution experiments where the exact injected amounts had to be known, concentrations of these solutions were carefully determined by HPLC, as described in Ref. Section 2.7.
Solvents
The solvents used for HPLC and solubility experiments were water, LiChrosolv quality from Merck
The columns used were a Novapak-C ~8 column (Waters, Milford, MA, USA; dp =4 I~m, pore size 60 ,~, 150×3.9 mm, plate count/m ca. 80000), a Resolve silica column (Waters, dp= 5 txm, pore size 90 A, 150x 3.9 ram, plate count/m ca. 55 000) and a PL-gel styrene-divinylbenzene (Polymer Labs., Shropshire, UK, dp=5 Ixm, pore size 100 ]~, 600x 7.5 mm, plate count/m ca. 60 000) which was used for solubility experiments (see Section 2.7). Furthermore, for gradient elution experiments a column (150X4.6 mm) was dry-packed with non-porous glass beads, diameter 40-60 ~m (Phase Separations, UK, part No. 750138). The performance of this column was tested by the injection of 5 Ixl toluene in water. The asymmetry of the resulting peak was found to be 1.2. The dead volume (Vo) for each column was determined not only by the injection of a low molar mass solute (toluene) but also for each individual polyester fraction. The thus found values were used in further calculations to correct for SEC effects. For the silica and the C18 column these values were found to vary between 0.89-1.36 ml and 0.78-1.07 ml, respectively. For the glass column, all values equalled 1.00 ml.
All columns were connected by a 0.02 cm (I.D.) tubing of about 50 cm to the injector, which was led through the column thermostat to ensure the sample to reach the right temperature before entering the column. For all experiments a stainless steel in-line pre-column filter (Waters, part No. 084560 was used.
HPLC equipment
All HPLC experiments were performed using a Waters 600E 4 solvent gradient pump and a 717 autosampler or a 715 WISP from Waters. The detector was a variable-wavelength detector, Waters, type 484 or a Jasco (Tokyo, Japan) type 975, which was set at 277 nm. The column temperature was controlled using a thermostat type Mistral from Spark-Holland (Emmen, Netherlands). Chromatograms were recorded using the Baseline-815 system from Waters.
Gradient elution experiments
Gradient elution was performed as follows. A gradient was run from water-THF (both containing 0.02%, v/v, acetic acid) 100:0 to 0:100 in 33.3 min. (3%/min). After running each gradient, the system was reset to initial conditions in one minute, followed by pumping 15 ml of the starting eluent composition to re-equilibrate the column. Prior to the analysis of the samples, two blank gradients were run. Initial conditions were chosen at 100% water because small parts of the low-molar-mass fractions were suspected to be already soluble under these conditions. Starting at higher amounts of THF would cause significant amounts to elute unretained on inert columns which would hamper a good comparison with elution on C~s. Although it is known that initial conditions of 100% water in reversed-phase HPLC can sometimes lead to bad reproducibility, no such problems were encountered during our experiments. All gradients were started at the moment of injection. The gradient performance of the pump (linearity and reproducibility) was checked by running gradients from methanol to methanol +0.1% (v/v) acetone. The linearity was found to be excellent, thus allowing an easy calculation of the eluting eluent composition at each retention time. The system hold-up volume was also determined from these experiments and was found to be 4.0 ml. Unless indicated otherwise, all measurements were carried out at 21°C.
Cloud point titrations
Cloud points of the unfractionated polyester and polyester fractions were determined by visual observation at room temperature (21°C). For the polyester fractions, 0.5 ml of a solution in THF was brought into a micro titration vial equipped with a magnetic stirrer bar [22] . Concentrations were taken such that the final concentration in the cloud point was approximately 1.5 mg/ml. By means of a 100 ~1 syringe, small portions of the non-solvent (water) were added until the solution became turbid. The point at which turbidity did not disappear after stirring was defined as the cloud point. %-Solvent at this point was determined gravimetrically. All cloud points were determined three times. The standard deviation of the three measurements did not exceed 0.3% solvent, except for the very-low-molar-mass fractions where somewhat larger values were found.
7. Determination of solubility
The sample preparation for the determination of the solubility as function of the S/NS ratio was as follows. From a solution of 30 mg/ml (THF) of a respective polyester fraction, 100 Ixl was taken with a syringe and transferred into a 4 ml vial. After drying under nitrogen, water and THF, both containing 0.02% (v/v) acetic acid were added to a volume of 1.0 ml, such that a desired S/NS ratio was obtained. All amounts were determined by mass. After thoroughly shaking for 10 min, the vial was put in a temperature controlled water bath at 21°C. After equilibration for one night, the suspension was centrifuged for 6 min at 3000 g. From the obtained supernatant, 300 Ixl was carefully taken with a syringe and centrifuged again. Finally, a small amount of the clear solution was injected on a HPLC system, to determine the polyester concentration. This method resembles that of other workers [23] , but modifications had to be made due to the much lower molar masses of our polymers.
It is known that determination of solubility of polymers from the dry state, especially in the case of high-molar-mass polymers can provide different results from the more accurate approach of precipitation from solution [24] . The former procedure was preferred in our case, however, since a comparison of both methods revealed that for our low-molarmass polymers in the latter method too high values were obtained in the low concentration range (<0.05 mg/ml) probably due to slow precipitation [22] . For higher concentrations, identical values for both methods were obtained.
For the HPLC measurements, a PL-gel styrenedivinylbenzene column (see Section 2.3) was used, which was held at 21°C. The eluent was THF containing 1% (v/v) acetic acid. The injection volume was in the range 5-100 I-d, depending on the (estimated) polyester concentration. All solutions were at least injected twice. The system was calibrated using three independent solutions of the unfractionated polyester with known concentrations. From earlier experiments it was known that the extinction coefficient does not show any significant dependence on molar mass at the used detection wavelength [8] , thus allowing for the chosen calibration procedure.
Results and discussion
The "polystyrene equivalent" molar masses, polydispersity values and amounts of the low dispersity polyester fractions obtained by SEC, are given in Table 1 . Most of the measured polydispersity values are close to 1.1, thus making the fractions suitable for solubility studies. Since solubility and retention in GPEC both strongly depend on molar mass (Eq. (2)), polydispersity values must be as low as possible to enable a meaningful comparison between solubility under equilibrium conditions and chromatographic conditions, respectively.
As could be expected for low-molar-mass polymers, the influence of concentration on the cloud point composition (CPC) is relatively large. This is demonstrated in Fig. 1 where the CPC of the unfractionated polyester is plotted as a function of its concentration. The variation of CPC with temperature, which was also investigated for the unfractionated polyester, was found to be approximately 0.15%/°C [22] . Since the concentration and temperature dependencies increase towards lower molar masses, this situation would even be worse for the low-molar-mass fractions.
Therefore, for comparison of CPC values with chromatographic results, care must be taken that concentrations in both cases are identical. This approach, which can be used for high-molar-mass polymers [12] would fail in our case, due to the extreme molar mass dependence of retention in the low-molar-mass range. Although the polydispersity of the fractions in our study is low, they still consist of a mixture of related substances differing in molar mass and chemical composition, giving rise to different elution volumes (see for instance Fig. 2 , C~ column). This results in a considerable chromatographic dissolution, that would have to be compensated by the injection of very high concentrations which might cause redissolution problems or chromatographic overloading thus influencing the elution behaviour.
Therefore, solubility effects can at best be studied under non-sorption chromatographic conditions, thus necessitating the availability of inert column packings. The use of normal-phase packings, e.g., bare silica, under reversed-phase conditions, has been suggested for this purpose [15, 25] . Non-porous glass beads were taken into account as a possible alternative.
Although it might be expected that acidified water would strongly suppress column's residual silanol groups, it is known that, even under such circumstances, in certain cases silica as well as glass can be retentive [26] . Therefore, the elution behaviour of the polyester fractions was tested in THF containing 0.02% (v/v) acetic acid and in THF-water (85:15, v/v)+0.02% acetic acid, which about equals the S/NS composition at which the last part of the polyester elutes [8] . In THF, for both columns parts of the injected fractions were found to elute after the column dead volume (Vo), indicating adsorptive interactions• In the THF-water mixture however, all fractions completely eluted at V o in the case of non-porous glass and before V o in the case of silica, due to SEC effects. Complete elution was further confirmed by comparison of peak areas with results obtained on the C]8 column, which is known to completely elute the polyester [8] . Since higher water contents might even better mask residual silanol groups, both glass and bare silica were assumed to be inert in the set-up of our experiments. The use of columns, packed with small metal particles was also considered, although it is known that even stainless steel is not completely inert in all cases [27] . Since the packing of these columns was hampered by the high specific mass of the materials [22] , in this respect only the use of a stainless steel pre-column filter was studied.
Consequently, the retention behaviour of low dispersity polyester fractions was compared using a C]8 column, a non-porous glass column, a silica column and a stainless steel pre-column filter. The injected sample amount was taken as low as possible, since it is known that in the case of solubility effects governing retention, retention times may shift to higher values with increasing sample load [15] . Due to interference with retention differences caused by different extents of column interactions, this might hamper comparison of results from different columns. An injected mass of 2 Ixg proved to be a reasonable compromise between sample load and detectability. Since gradient time was found to have only a slight influence on the retention characteristics (see also Fig. 7b ), for reasons of detectability and analysis time a steepness of 3%/min. was chosen.
In Fig. 2 , results of the respective columns are shown. Fractions were injected at least twice on each column and results were found to be highly reproducible. The retention times in all chromatograms were corrected for the system hold-up time and the column dead time, according to tr(corrected) = t r --t s --tse c
where t r is the retention time, t~ is the system hold-up time and t~c c is the column dead volume (to) for the respective fraction. The latter was found to depend on the molar mass due to SEC effects (see Section 2.3). Due to insufficient mixing with the eluent, part of the injected sample which was dissolved in THF eluted unretained from the glass column and the guard filter. Since this cannot be observed in the time-corrected chromatograms in Fig. 2 , an example of an uncorrected chromatogram is shown in Fig. 3 . Especially for the fractions with lowest molar masses, this effect was excessive, thus giving rise to a low signal-to-noise ratio, as can be observed in the chromatograms of fractions 9 and 10. By measuring peak areas of the unretained peak and the normal eluting peak, the amount of sample which eluted unretained, was calculated. Results are shown in Table 2 . It can be observed that for both columns the effect was found to increase upon decreasing molar masses. Since these breakthrough effects were not observed for the silica and C]8 column and were worse for the pre-column filter as compared to the glass column, they may be caused by a reduction in the surface area available for precipitation. Furthermore, the columns used will also exhibit significantly different internal mixing due to the difference in particle diameter, which can also influence the elution behaviour of polymers and the occurrence of breakthrough effects [28] .
The high frequency noise in the chromatograms from the pre-column filter is probably caused by parts of the sample that were not completely redissolved and therefore eluted as small polymer particles, causing light scattering in the UV detector. The effect becomes worse when sample load is increased (result not shown here) thus supporting this assumption. Since these effects are absent in results from the glass column, it is obvious that due to 
where t r is the retention time, t~ is the system hold-up time, t~e c is the column dead volume for the respective fraction and tg is the gradient time.
All values were determined as the average value from two injections. The maximum deviation between the average and the lowest or highest value of a duplicate measurement was found to be about 1.5%-solvent for peak starts and peak ends and All values are average values of two determinations. Maximum deviation between average and maximum value of duplicate measurements: 1.5%-solvent for peak starts and peak ends and 0.5% for peak tops and cloud points. 0.5%-solvent for peak tops. Results are shown in Table 3 .
From Fig. 2 and Table 3 it is clear that results on the glass column and the pre-column filter are roughly comparable. Since peak start and peak ends cannot be determined unambiguously in all cases, most differences are within experimental error of determination. Fractions 9 and 10 seem to elute somewhat later from the glass column as compared to the pre-column filter. This can probably be ascribed to the relatively high amounts of sample eluting unretained from the pre-column filter ( Table  2 ). Since the fraction eluting in the gradient is significantly lower, elution is shifted to earlier retention times. Peak tops, which are more accurate to determine coincide in the other cases, which confirms that the retention on the glass column under experimental conditions, is only determined by solubility effects. This is further confirmed by the fact that retention time of the peak top increases when sample load is increased, which is illustrated in Table 4 . When sorption effects would contribute to the separation, no dependency or decreasing retention times due to overloading should have been observed [16, 29] .
The use of a silica column gives rise to additional retention as compared to the pre-column filter, which is generally more manifest for the lower molar mass components as can be concluded from Fig. 2 . This is somewhat surprising, since no retention due to sorption effects was observed in isocratic experiments using a THF-water composition of 85:15. The additional retention at higher water contents can probably be ascribed to solvophobic effects due to minor affinity of polyester towards the mobile phase at the point of re-dissolution. The different behaviour of silica as compared to non-porous glass was also observed by other workers [15] . Due to the large differences in surface area, this can probably be attributed to the differences in phase ratio (l",/Vm) which, in the case of glass, will be orders of magnitude lower. Furthermore, differences in chemical composition and silanol activity of the surface may also contribute to a different retention behaviour.
From the above discussion it is obvious that a bare-silica column cannot be used as an inert column packing for our experiments. The use of a nonporous glass column seems to be the best choice in this respect, since problems caused by breakthrough or insufficient re-dissolution are lower as compared to the pre-column filter! Furthermore, it must be mentioned that the polyesters used here, are relatively extreme samples due the highly polar carboxylic end groups. Since non-porous glass with a very low phase ratio can be used even for these samples without sorption effects occurring, it is probable that this approach for studying solubility effects in polymer chromatography under reversed-phase conditions can be applied to a rather wide range of polymers.
A comparison with results on the C18 column (Table 3) , immediately reveals that separation on C]8 is dominated by sorption effects, which again is more manifest for the lower-molar-mass components. Furthermore, especially for the low-molarmass fractions a distinct separation into different peaks can be observed. This is not the case when a glass column is used and must therefore be the result of sorption. Furthermore, from a comparison of peak a Maximum deviation between average and maximum value of duplicate measurements. starts (Table 3) , it is obvious that elution on a C~8 column occurs at a much higher %-solvent of the eluent as compared to the glass column. Since solubility capacity is high enough in such a case, re-dissolution effects, although present in the used system, will not dominate the final separation on a C~8 column. This is in accordance with our previous results [8] for which no noticeable retention difference with increasing sample load was found. Obviously, the influence of sample load on a C~8 column, is determined by the sorption capacity of the column, rather than the solubility capacity of the eluent. From the present results, however, it is also obvious that the retention difference for a separation which is controlled by solubility effects as compared to a separation based on sorption, decreases for increasing molar mass. This can be observed from Fig. 4 in which %-solvent at the peak-ends (~be) on different columns are compared.
This can be explained as follows. During gradient elution, the increase of %-solvent will both influence solubility and sorption. The retention factor, k', which expresses the contribution of sorption is initially very high and gradually decreases until it drops below a value at which the sample starts migrating [30] . Therefore, in the case of gradient elution generally an average retention factor, Kay is used, which is given by [31] :
in which tg is the gradient time (min), F is flow-rate (ml/min), V,, is the column dead volume, A~b is the change in the volume fraction of the strong solvent during the gradient and S is an isocratic parameter determined by the strong solvent and the sample compound which is defined as -d(ln k')/dfb. S further depends on molar mass, for which it is sometimes found [29, 30] S = aM h
For polystyrenes under reversed-phase conditions, using a THF-water system values of a=0.22 and b =0.5 are reported [29, 30] .
Therefore, for increasing molar masses, Kay will decrease to a very low value. The range of solvent composition over which polymer solutes migrate becomes very narrow, thus resulting into narrow peaks. Physically this also means, that after reaching the point at which migration starts, the sample will elute almost unretained without significant distribution into the stationary phase. Retention in reversed- phase systems is to a large extend determined by interactions between the sample and mobile phase, which are the same interactions that determine solubility. Thus, for increasing molar masses, especially on reversed-phase systems, the retention difference for a separation dominated by solubility as compared to a separation governed by sorption, decreases. Therefore, the finding of corresponding values of ~be on an inert and a sorbing column, which can also be found for the unfractionated polyester in this study (Fig. 2) is certainly no evidence for solubility dominating retention in the high-molar-mass part of the chromatogram. Experiments using narrow disperse fractions as shown in this study, a careful study on the effect of sample load, as suggested by other workers [29] or measurements under isocratic conditions in the narrow S/NS range over which a polymer solute migrates [30] , are necessary to discriminate between solubility and sorption.
In Fig. 4 , also the cloud points of the individual fractions are plotted. As might be expected, because of the low molar masses the cloud points do not coincide with &~ values on the inert glass column. It is surprising, however, to see that %-solvent in the cloud points is considerably lower than ~b e, whereas concentrations under chromatographic conditions are much lower due to dilution effects. To further investigate this effect, a comparison was made between measurements of maximum solubility of four different polyester fractions in varying S/NS compositions and the concentration profiles of the eluting fractions on the glass column. In Fig. 5 , results of measurements of solubility under static conditions are shown.
As could be expected from Eq. (1), a near linear dependence is found between log(concentration) and %-solvent in the high concentration range. At low concentrations, deviations from this dependence occur, which may be due to limitations of the method itself. Because of the relatively low molar masses of the polyester fractions, a swollen, gel-like polymer-rich phase is formed, rather than a distinct solid precipitate. Thus, for low %-solvent, it was difficult to obtain a non-turbid supernatant phase. Furthermore, due to low concentrations, the relative influence of the injection solvent in the HPLC measurements, which were carried out in the SEC Q1- mode, increased, thus complicating an accurate quantification. For fraction 4, measurements were carried out twice with a time difference of 6 months, using freshly obtained fractions. As can be observed from Fig. 5 , reproducibility is satisfactory for our purposes.
It is also interesting to note that CPC values of the respective fractions obtained by cloud point titrations fit well in the solubility curves (open symbols in Fig.  5 ). This confirms the reliability of the used titration method despite of low sample amounts and visual observation of the cloud points.
For decreasing molar masses, a more gradual increase of solubility with %-solvent is obtained which is also predicted by Eq. (1). The observed strong concentration dependences explain the broad peaks obtained on a glass column, where separation is only governed by solubility effects (Fig. 2) . Furthermore, the steeper lines for higher-molar-mass fractions in Fig. 5 can also be recognized in Fig. 2 , where peak width decreases with increasing molar mass.
In Fig. 6 , solubility measurements for fractions 2, 4 and 6 are compared with concentrations eluting from the glass column. Since known amounts were injected, the eluting masses at respective %-solvent compositions could be calculated from the fractional peak areas, after correction for breakthrough. Hereto, slice widths of 0.5 min were taken. By dividing eluting mass by the volumetric slice width (0.5 min.F), eluting concentrations were obtained.
As can be observed, concentration profiles obtained from chromatographic measurements do not coincide with the curves of maximum solubility. For the high e/e-solvent part of the distribution this is trivial, since the available mass gets exhausted, which is represented by a final decrease in concentration in the eluate. However, for the low %-solvent part this is remarkable, since this part represents the beginning of the gradient elution experiment, where enough mass is available to obtain saturated solutions!
The observed "elution delay" cannot be the result of sorption effects, as has been shown earlier.
Furthermore, small errors in the system hold-up volume, which is necessary to calculate the %-solvent at each elution time provide by no means an explanation for this phenomenon. Therefore, the eluate indeed is not saturated, indicating that no thermodynamic equilibrium was reached during redissolution which is probably due to kinetic effects.
In order to confirm this assumption, several practi- cal parameters which can influence re-dissolution kinetics, e.g., temperature and gradient steepness were varied. For reasons of available amounts, fraction 3 was used for these experiments. From Fig. 7a it can be observed that a temperature increase gives rise to higher concentrations of the eluting polyester, at a fixed %-solvent. This is due to increased solubility of the polyester in the mobile phase causing earlier elution, which is a thermodynamic rather than a kinetic effect. The curve of maximum solubility at these temperatures, which was not measured for reasons of practical difficulties, would, however, also shift to higher concentrations. It is therefore obvious, that even at 60°C, which is about the highest temperature that can practically be applied for the chosen S/NS system, the influence of re-dissolution kinetics cannot be avoided.
A decrease of gradient steepness causes the end of the distribution to elute at somewhat lower %-solvent (Fig. 7b) , which is an indication for the importance of re-dissolution kinetics. The concentration differences at low %-solvent, however, are within experimental error and it is obvious that a decrease of steepness to l%/min, which is frequently used in practice [8] , does not avoid kinetic effects.
Finally, the increase of the injected amount causes an increase of the eluting concentrations (Fig. 7c) , which is another result proving that the eluate is not saturated? Furthermore, a slight shift of the concentration maximum towards higher %-solvent can be observed, which confirms the importance of redissolution kinetics.
Although the changes in elution behaviour, with changing experimental parameters are significant, the observed effects are rather small. This might be expected, since the dependence between kinetic effects and parameters such as temperature are generally described by exponential functions [32] . Therefore, for a further verification of re-dissolution kinetics, a more pronounced change in practical parameters by one or more decades, would be necessary. Since practical parameters in chromatography, e.g., temperature and flow-rate can only be varied within small limits this cannot be realized.
Although it is obvious that re-dissolution is influenced by kinetic effects, these effects apparently do not affect the separation on a C~8 column. Obviously, after time-dependent re-dissolution, adhesion forces are replaced by sorption forces, ensuring normal retention behaviour, governed by sorption effects. It is imaginable, however, that the separation on a less retaining column, for instance a silica derivatized cyanopropyl phase, could indeed be dominated by re-dissolution effects. Especially for the high-molar-mass part this might be expected since it has been pointed out in this study that the retention difference between a non-retaining column and a C~8 column is already very small? This difference would even be smaller, or non-existing when a less retaining column is be used.
The effect of re-dissolution kinetics influencing polymer separations has also been observed by other workers [19, 20, 23] . Furthermore, in a future study we will clearly show re-dissolution effects influencing the separation of crystalline polyesters, even when a C18 column is used [21] ?
Conclusions
Solubility effects in GPEC under reversed-phase conditions of polyester resins using THF-water as S/NS combination, were investigated using low polydispersity fractions obtained by SEC. Due to pronounced dependencies of molar mass and concentration on cloud points, these effects can at best be studied under chromatographic conditions, using inert column packings. Bare silica, non-porous glass and a stainless steel precolumn filter were compared for the use as an inert medium. The use of glass was shown to be the best choice in this respect. Bare silica causes additional retention which is probably caused by hydrophobic effects. A precolumn filter gives rise to problems due to breakthrough, which is due to a reduced surface area available for precipitation, and insufficient redissolution. By comparison with the results on the inert glass column, the separation on C L8 throughout the whole investigated molar mass range was shown to be solely determined by sorption effects. The observed correspondence of ~b e on C1s and glass for the high-molar-mass fractions can be explained by the fact that, due to low values of Kay, the distribution in the stationary phase will be minor, after the retention factor has decreased below a certain value. This point is in reversed-phase systems mainly determined by interactions between sample and mobile phase, which are the same interactions that determine solubility. The finding of corresponding values of ~b e on an inert and a sorbing column of the whole, unfractionated polyester alone, is therefore no evidence for solubility governing retention in the high-molar-mass part of the chromatogram.
A comparison with measurements of maximum solubility under static equilibrium conditions of four different polyester fractions in various S/NS combinations revealed that concentrations of the eluting fractions on the glass column are considerably lower than maximum solubility. This can only be explained by redissolution kinetics. The contribution of kinetic effects was confirmed by the effect of temperature and gradient steepness on the elution behaviour, although the observed changes were rather small. Re-dissolution kinetics do not influence the separation of the investigated polyester on C~8. This, however, is not the case for all types of polyesters, as will be pointed out in a future study.
